The activation mechanism of motorcycle weave mode is clarified within the framework of the energy flow method, which calculates energy flow of mechanical forces in each motion. It is demonstrated that only a few mechanical forces affect the stability of the weave mode from among a total of about 40 mechanical forces. The activation of the lateral, yawing and rolling motions destabilize the weave mode, while activation of the steering motion stabilizes the weave mode. A detailed investigation of the energy flow of the steering motion reveals that the steering motion plays an important role in clarifying the characteristics of the weave mode. As activation of the steering motion progresses the phase of the front tire side force, and the weave mode is consequently stabilized. This paper provides a design guide for stabilizing the weave mode and the wobble mode compatibility.
Introduction
The study of motorcycle dynamics began in the late 19th century, and practical investigations of motorcycle handling and stability have been conducted since the 1970's, when an analysis of straight running stability was published by Sharp (1) . Sharp's work (1) demonstrates that there are three important modes in straight running situation. These modes are called "capsize," "wobble," and "weave" modes. The capsize mode has no oscillatory motion and is stable at a low speed and slightly unstable at high speeds. The wobble and weave modes are oscillatory. The wobble mode is one of primary steering oscillation and has an almost constant natural frequency of about 10 Hz. The weave mode is a coupled oscillation of lateral, yawing, rolling and steering motions, and its frequency increases from almost zero to 3Hz with the traveling speed of the vehicle. The two oscillatory modes have been confirmed by several experimental studies (2) - (4) , and the fundamental predictions of the theoretical investigation coincide with the experiments (4) . These works were conducted to attain a design method to stabilize these modes theoretically and experimentally. These efforts had to treat the system as a black box since there are too many design parameters. For example, some of the vehicle parameters were changed in the theoretical field, and the eigenvalues of the system were then calculated to estimate the stability. A numerical method had to be used to calculate the eigenvalues, since there were too many degrees of freedom. Useful information is lost when the numerical method is employed. We can avoid using trial and error to stabilize these modes, when the exciting mechanisms of the modes are clarified. Katayama et al. (5) , introduced a new method called energy flow to determine the exciting mechanism of the wobble mode. The underlying concept of the energy flow is based upon the following idea: The kinetic energy of a specific dynamical freedom plays a central role in any discussion of the stability of a vibrational mode. The kinetic energy of the freedom consists of several incoming and outgoing energies through the mechanical force generated by the motions of the other freedom. The vibrational motion is divergent when the total incoming energy is greater than the total outgoing energy, and vice versa. The mechanical force that contributes incoming energy promotes vibration and that which contributes outgoing energy suppresses vibration. This method was applied to make clear the exciting mechanism of the wobble mode (5) ,
and it was discovered that the wobble mode is primarily activated by the forces generated by the yaw rate and the roll rate and suppressed by the forces generated by the lateral acceleration and the front tire side force. It was explained that the basic methods to stabilize the wobble mode are to decrease the activation energy and/or increase the dissipation energy. The study also reported that simple and effective ways to stabilize the wobble mode are to decrease the moment of inertia of the front wheel, which decreases the activation energy, increase the cornering stiffness of the front tire and decrease the relaxation length of the front tire, which increase the dissipation energy through the front tire. The activation mechanisms of the weave mode are not yet understood. The result in reference 5 indicates that the concept of the energy flow is a useful tool for studying vibrational modes. Therefore, the energy flow method is applied to discuss the mechanism of the weave mode oscillation in this work.
Mathematical Model
In this work, we use the same model as that proposed by Sharp, a linearized four-degree-of-freedom model (1) . The motorcycle model consists of two major parts, the main frame, including the rider body, and the front frame (steering system). Figure 1 illustrates the mathematical model. 
Energy Flow Method
According to Katayama et al. (5) , the activation energy from external forces can be calculated with the eigenvalue and eigenvector information. The underlying idea is very simple. First, we consider the time derivative of kinetic energy.
Here, m is the mass of the system and x ( x ) is the velocity (acceleration).
The equation of motion can be described in general as follows:
where F 1 through F n are external forces. We can easily see that the right side of Eq. (5) is given by multiplying the velocity to Eq. (6), i.e.,
The left side of Eq. (7) represents the time derivative of the kinetic energy of the system, while the individual term of the right side gives the activation energy per unit time, which is supplied by the individual external force.
The relation between the energy flow and the real part of eigenvalue λ is easily obtained by an integration of Eq. (7). Here we give only the result as follows (5) :
where C is a proportional coefficient and f n is the absolute value of the n-th external force F n . The notation of α n gives the phase difference of the n-th external force and the velocity
x . The individual term f n cosα n , appears in Eq. (8), gives the energy incoming through the n-th external force. Equation (8) informs us that the damping characteristics of the mode can be calculated from the absolute values and the phase of the external forces.
The absolute values and phases of the external forces are given by eigenvectors. The eigenvectors of the vibrational mode are given by complex vectors, i.e., they have information on the absolute value and phase. The absolute values and phases of the external forces can be obtained when the eigenvectors are input to Eqs. (1) through (4) . An example of weave mode being excited is illustrated in Fig. 2 for a medium-size motorcycle (250cc) with a running speed of 180km/h (50m/s). This figure typically shows only a comparatively large term in the external force that affects the yawing motion. Only the relative value is meaningful in terms of absolute values and phases of the eigenvector. Also in Fig. 2 , the yaw rate vector is taken as the phase reference, and the vector is taken in the zero degree (the X-axis) direction. Therefore, the phase of each external force is expressed as a relative phase difference from the yaw rate vector.
In the following sections, we apply the method reviewed here to motorcycle weave mode, and discuss the activation mechanism of the weave mode. 
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Analysis of Weave Mode
Energy Flow of External Force
The weave mode is a coupled oscillation of lateral, yawing, rolling and steering motions. Therefore, we have to calculate the energy flow in all motions. The energy flow of the system can be calculated from the configuration of external forces as shown in Fig. 2 for the yawing motion. As described above, the energy flow is given by the X component of the external force. We show the energy flow in a system with four individual freedoms, lateral, yawing, rolling and steering motions, in Fig. 3 . In this figure, the X component of the external forces is normalized by the sum of the absolute value of the individual external forces as given in reference 5.
We can see from Fig. 3 (a) that the yaw rate force (Yaw Rate F.) and the rolling angle acceleration force (Roll. Acc. F.) have prominent absolute value of the X component in the lateral motion. The excitation mechanism of the lateral motion can be understood from this figure, i.e. the lateral motion is mainly excited by the yaw rate force and is suppressed by the rolling angle acceleration force. Figure 3 (b) illustrates that the yawing motion is mainly excited by the lateral acceleration force (Lat. Acc. F.) and is mainly suppressed by the yaw rate force. The energy flow through the tire side forces (Front Side F. and Rear Side F.) are relatively small compared with those through the lateral acceleration force and the yaw rate force. Figure 3 (c) depicts the excitation mechanism of the rolling motion. In the rolling motion, the system is excited by the lateral acceleration force and suppressed by the yaw rate force. The steering motion is excited by the yaw rate force and suppressed by the lateral acceleration force, as shown in Fig. 3 (d) .
It can be seen from Fig. 3 that the external forces, which greatly influence the motion of the weave oscillation, are limited by only several forces from among a total of about 40 external forces. 
Stability Change by External Force
The stability of the weave mode changes as the magnitude of the external forces is changed. Here we discuss the stability change when the magnitude of the external forces is increased. Figure 4 shows the changes in the eigenvalue real part when the magnitude of the external forces, such as A 11 in Eq. (1), are increased individually by 1%.We can see from Fig. 4 (a) that the yaw rate force (Yaw Rate F.) in the lateral motion has remarkable effect, i.e. the weave mode is markedly destabilized by an increase in the yaw rate force. This figure also indicates that the rolling angle acceleration force (Roll. Acc. F.) considerably affects the stability. The lateral acceleration force (Lat. Acc. F.) and the yaw rate force (Yaw Rate F.) in the yawing motion also affect the stability as shown in Fig. 4 (b) . Figure 4 (c) illustrates that the lateral acceleration (Lat. Acc. F.) and the yaw rate force (Yaw Rate F.) in the rolling motion have a remarkable effect on the weave mode stability. The weave mode is stabilized (destabilized) when the yaw rate (yawing acceleration) force in the steering motion is increased as shown in Fig. 4 (d) .
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Other forces exert minor effects compared with these forces.
Energy Flow and Stability
Analysis of the wobble mode (5) indicates that the wobble mode is stabilized when external forces that contribute energy outflow (suppress the motion) are strengthened, and it is destabilized when the external forces that contribute energy inflow (activate the motion) are strengthened.
Here we discuss the relation between the energy flow and its contribution to the stability of the weave mode when the magnitude of the external forces is changed. We illustrate the relation between the energy flow and the stability change in Table 1 . Four kinds of motion are listed in the first column, and the external forces are described in the second column. The third column shows the energy flow through individual forces. In this column, the symbol "O" represents the outflow of energy and the symbol "X" indicates the inflow of energy. The fourth column is the stability change. The symbol "O" ("X") indicates that the weave mode is stabilized (destabilized) when the external forces are strengthened. For example, the second row of this table explains that energy flows out from the lateral freedom through the rolling angle acceleration force, and that the weave mode is stabilized when the rolling angle acceleration force is strengthened.
The same symbols are drawn in the third and fourth columns of Table 1 , except for the row of the steering motion. This indicates that strengthening the forces that contribute energy inflow ("X") make the weave mode unstable ("X") and conversely, in lateral, yawing and rolling motions. However, the steering motion is the opposite, i.e. the weave mode is stabilized ("O") by increasing the external forces that contribute energy inflow ("X").
It is natural to intuitively assume that the weave mode will be destabilized ("X") by strengthening the external forces that activate motion ("X"). This is the case for lateral, yawing and rolling motions, but not for the steering motion. 
Detailed Energy Flow
We will discuss the aspect of energy flow in more detail, to clarify the activation mechanism. First we observe that the energy flow change after strengthening the external forces in the lateral, yawing and rolling motions. Then, the aspect of energy flow in the steering motion is discussed.
Change of Energy Flow in Lateral, Yawing and Rolling Motions
In the previous section, we described how the weave mode become unstable when one of the motions of three degrees, lateral, yawing and rolling, is activated (increasing the inflow energy). The three freedoms of motion cooperate and this cooperative motion constitutes the weave mode.
We can see an example of the cooperation of the three freedoms of motion in Fig. 5 . Figure 5 indicates that the energy flow (the X component of external force) changes when the lateral acceleration force in the yawing motion (B 21 ) is increased by 1%. 
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When we increase the lateral acceleration force in the yawing motion, the inflow energy through the lateral acceleration force is increased, and the yawing motion becomes active. This can be seen in Fig. 5 (b) . Activation of the yawing motion promotes the other motions by the yaw rate force in the lateral and rolling motions, which is shown in Fig. 5 (a) and (c) .
Other forces contribute in the same manner as in the above example.
Change of Energy Flow in Steering Motion
As described above, activation of the steering system stabilizes the weave mode, which seems intuitively inconsistent. Here we discuss this paradox and clarify the role of the steering system in the stability of the weave mode.
The steering system affects the stability of the weave mode in two ways. The first is a direct way, i.e. the motion of the steering system applies direct force on the other motions, the lateral, yawing and rolling motions. These forces work with the mass or inertial moment of the steering system. The second effect if given by the front tire force, because the front tire constitutes the steering system.
The mass (moment of inertia) of the steering system is very small compared with those of other parts, so the first mechanism exerts a minor effect. The mass of the steering system is about 10% of the main frame mass.
We can see from Eqs. (1) and (2) in section 2 that the front tire side force Y f acts on the lateral motion and the yawing motion. The effect on the lateral motion is negligibly small compared with the effect on the yawing motion. An example of this is shown in Fig. 6 . Figure 6 depicts a plot of the energy flow change when the rolling angle acceleration force acting on the steering systems (B 43 ) is strengthened by 20%. Figure 6 (a) illustrates the energy flow change in the lateral motion and Fig. 6 (b) shows that in the yawing motion. Figure 6 clarifies that inflow energy through the front tire side force in the yawing motion, but not in the lateral motion, increases remarkably, when the rolling angle acceleration force in the steering system is strengthened. It is natural to assume that the effect of the front tire side force arises from a phase change of the force but not from a change in magnitude, based on the configuration of external forces that act on the yawing motion shown in Fig. 2 . A change in magnitude of the front tire side force has no effects because the phase of this force is almost 90°, i.e. there are no energy flow (X component) contributions.
Strengthening the external forces in the steering motion system changes the steering motion phase, and the phase of the front tire side force then changes, because the front wheel is rigidly connected to the steering system. Figure 7 shows the relation between the phase change of the front tire side force and the phase change of the steering motion when the magnitude of the external force, except for the steering angle velocity force, are enhanced by 20%. The steering angle velocity force is assumed to be zero in the standard state because this mathematical model is assumed without the steering damper. We see from Fig. 7 that the phase change of front tire side force is proportional to steering angle phase change. This means that strengthen the forces which advance the phase of steering system make the phase of front tire side force advance. We can interpret the situation of the example shown in Fig. 6 as follows: Strengthen the rolling angle acceleration force in steering system delays the phase of steering motion and equally dose the phase of tire side force, the phase of tire side force becomes smaller than 90°, then the inflow energy to yawing motion system through the tire side force increase, remember that the inflow energy is proportional to cosine of the phase, which makes the weave mode unstable.
In Fig. 8 , we depicted the relation between the weave mode stability and the phase change of the front tire side force when the external forces that act on the steering system are increased. This figure demonstrates that the above interpretation concerning the relation of the weave mode stability and a phase change of front tire side force is applicable to other external forces in the steering system. In general, delaying (advancing) the front tire side force in the yawing motion makes the weave mode unstable (stable). This can also be interpreted as follows: When the phase of the front tire side force in the yawing motion delays (advances), the amount of the energy flow through the tire side force is increased (decreased), which makes the yawing motion active (suppressed), and consequently the weave mode becomes unstable (stable), as discussed in an earlier section. 
Energy Flow of Weave Mode and Stabilizing Technique
A conceptual drawing of the principal energy flow is given in Fig. 9 . The system consists of four degrees of freedom, the lateral motion, yawing motion, rolling motion and steering motion (including the front tire). The energy flows in individual motion systems are described in the following subsection. The upper part of Fig. 9 illustrates that energy comes in through the yaw rate force and flows out through the rolling angle acceleration force. This indicates that the lateral motion is activated by the yaw rate force and suppressed by the rolling angle acceleration force, and that the weave mode is destabilized (stabilized) when the yaw rate force (rolling angle acceleration force) is enhanced. (2) Energy flow of the rolling motion Energy flows in through the lateral acceleration force and flows out through the yaw rate force as shown in the right side of Fig. 9 . The rolling motion is activated by the lateral acceleration force and suppressed by the yaw rate force. Enhancement of the lateral acceleration force (yaw rate force) makes the weave mode unstable (stable). The left side of Fig. 9 shows that energy comes in through the lateral acceleration force and flows out through the yaw rate force. The front tire side force contributes to both the inflow and outflow of energy, depending on the phase of the tire side force, i.e. when the phase difference between the tire side force and yaw rate is greater (smaller) than 90°, the energy flows out (flows in) through the tire side force. This indicates that the weave mode becomes unstable (stable) when the lateral acceleration force (yaw rate force) is enhanced, and also that the phase of the front tire side force delays (advances) compared with that of the yaw rate. (4) Energy flow of the steering motion
The center section of Fig. 9 shows that energy flows in through the yaw rate force and flows out through the yaw angle acceleration force, the roll angle acceleration force and the lateral acceleration force. Activation of the steering system makes the phase of the steering motion advance the same as the phase of the tire side force, which stabilizes the weave mode by the yawing motion, as described above.
A design guide for stabilizing the weave mode is described below, based on the discussion of this study.
The most effective way to stabilize the weave mode is to inactivate the lateral, yawing and rolling motion, but it is too complicated to find a simple method to optimize the design parameters, with the exception of the rolling motion. The yaw rate force in the rolling motion has a simple configuration, so it is easy to find a method to stabilize the rolling motion, equally stabilizing the weave mode. One method is to increase the inertial moment of the rear wheel.
The other effective method is to advances the phase of the front tire side force in the yawing system. Design the tire to advance the phase or change the design parameters of the steering system to advance the phase of the steering motion. However, this method has a fundamental problem concerning the compatibility of stabilizing the weave mode and the wobble mode.
The above discussion indicates that activation of the steering system advances the phase of the front tire side force and makes the weave mode stable. Remember that the wobble mode is a steering vibration, so activation of the steering system destabilizes the wobble mode. One example of this problem is to attach a steering damper. A steering damper makes the steering system inactive, so stabilizes the wobble mode. However, it delays the phase of the front tire side force, and consequently destabilizes the weave mode.
This study also reveals another important concerning traffic safety. Obviously, gripping the handle bar firmly is effective for stabilizing the wobble mode, but not the weave mode.
Conclusions
The characteristics of the weave mode stability were discussed in the above section by means of the energy flow method. The primary results of this work can be summarized as follows.
1. Only a small number of about 40 external forces in four degrees of freedom affect the stability of the weave mode. 2. Lateral motion, yawing motion, and rolling motion are strongly coupled, and when one of the three motions is made active, the other two motions are also activated, and consequently the weave mode becomes unstable. The rolling angle acceleration force in the lateral motion makes the weave mode stable and the yaw rate force makes it unstable. The lateral acceleration force in the yawing motion and rolling motion destabilizes the weave mode, while the yaw rate force stabilizes the motions. 3. The phase of the steering motion, as well as that of the front tire side force, plays an essential role in the weave mode stability, i.e. advance of the steering phase makes the yawing motion inactive through the front tire side force acting on the yawing system. In general, activation (suppression) of the steering motion stabilizes (destabilizes) the weave mode, because activation (suppression) of the steering system advances (delays) the phase of the steering system.
In this paper, we discussed the activation mechanism of the weave mode within the context of a fundamental four-degree-of-freedom model. It is important to analyze the effects of frame flexibility and of the mechanical properties of the rider using the energy flow method.
